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ABSTRACT

The magnetic component of the electromagnetic field generated by several nuclear detonations
during Operation Plumbbob was measured at distunces runging from 650 (o 14,400 feel [rom
ground zero, The output from low-impedance, shielded-loop antenras was amplified, in some
cases {ntegrated, and then recorded on magnetic tape by specially designed, ruggedized, and
well-shielded tape recorders.

Oscillographic representations obtained from the tapes upon playback ‘nclude icecords of
field intensity versus time and the time derivative of fleld intensity versus time, It was deter-
mined that the major component of the field is in the azimuthal direction Hg, and that relatively
strong vertical and radial {ields also exlst. Inltially sharply rising fields, lasting no longer
than 100 msec are followed by longer persizstence signals with rise times of millisecond order.

SECRET




FOREWORD

This report presents the flnal results of one of the 46 projects comprising the military-effect '
programs of Operation Plumbhob, which included 24 test detonations at the Nevada Test Site ¢
in 1957,
For overall Plumbbob military-effects information, the reader is referred to the “Summary
Report of the Director, DOD Test Group (Programs 1--8), ” ITR~ 1445, which includes: {1) a
description of each detonation, lncluding yield, zero-point location and environment, type of
device, ambhient atmospheric conditions, etc.; (2) a discussion of project results; (3) a summary
of the objectives and results of each project; and (4) a listing of project reports for the military-

effect program.

PREFACE

Messrs. J.D. Rosenberg and K. D. Zastrow gulded the majority of the tape recorder electronics
designs. Mr. R. Putticamp designed the preamplifiers and integrators and was responsible for
most of the oscillograms In the fleld. Mr, A, Hill designed and built the playback recorder and
also prepared the oscillograms used in this report. Mr. B. Lackey was responsibie for logis-
tica and direction of the field installation and recovery crew., Mr. A.G, McNish, then Consult-
ant to the Director, National Bureau of Standards, performed most of the calculations used in
Section 1.3, as well as served as consultant to the project, To all these, who contributed
freely of thelr time, the authors express their appreciation.
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Chapter 1

INTROCDUCTION

1.1 OBJECTIVE

The objective was to provide a record of the magnetic-field component of the electromagnetic
fteld from a nuclear detonation as a functien of jime and distance, including the near-field
region. This spectically includes distances sufficiently removed from the detonation peint to
assure little or ne physlcal damage to an antitank mine and fuze, and the maximum distance at
which mine clearance {by sympathetic fuze function) is pogsible by a nuclear weapon.

1.2 BACKGROUND

1.2.1 Army Reguirements. The Mine Fuze Branch of the Diamond Ordnance Fuze Labora-
tories {DOFL) is engaged in research and development of influence mine fuzes for use with anti-
tank mines. Influence mine fuzes use a variety of signals to sense the presence of their in-
tended target, Use is sometimes made of combinations of such signals and of the specific
sequences In which they occur for fuze function. Some of the signals emanate from the target
itself, others are target-L.oduced changes in amblent conditions, and still others originate
with the fuze and are reflected by the target; all are detected by suitable sensing devices within
the fuze. Vibration of the ground, changes in the ambient magnetic fleld, and reflected nuclear
radlatlen (from appropriate sources associated with the mine fuze) are examples of such
influences.

A particular influence mine fuze presently in the production engineering stage uses a com-
bination of selsmic and magnetic influences. It is necessary to ascertain whether the variaticns
In the magnetic fleld from an atomic detonation are of such nature as to {1) cause the ming fuze
o detonatoe or (2) alter the fuze’s sensing mechanism so as to change its sensitivity (this could
be an increase as well as a decrease), It also appears that data on the magnitude and nature
of the electromagnetic fields in the close vicinity of nuclear detonations wiil be of value to the
designers of (1) more elaborate ground installastions containing active electronic instrumenta-
tion that has to survive tlose to, during, and immediately after the detonation, as well as
{2) electronic guidance and fuzing circuits and missiles.

1.2.2 Results from Previous Projects. Electromagnetic measurements have been conducted
during previous operations, principally by Los Alamos Scientifle Laboratory (LASL), (Refer-
ences 1 and 2); AFOGAT-1, (Reference 3); and Signal Corps Engineering Laboratories (SCEL),
{Reference 4). Values of the electric field component at distances upward of 20 km were ob-
tained. LASL was concerned malnly with the {irst few microseconds of the signal for diagnos-
tic purposes, AFOAT-1 and SCEL with approximatcly the first 100 psec, mostly at much
grealer distances. Reference 2 and discussions with its8 authors indicate the probable existence
of signals with periods up to 2 seconds.
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1.3 THEORY

The prompt signal is generally considered to be due to Compton clectrons produced by
gamma rays omitted during the detonation (References 5 and 6). When conditions are such
that asymmetries are produced in the expunding sphere of Compton electrons and agsoclated
lonization electrons, an eleclromagnetic pulse 18 produced. Pulses predicted by theories
based on such considerations, however, have durations too short to agree with observation;
the longer times actually observed are held by some to be due to electron attachment to neutral
0O, molecules {Reference 6).

Tho cxlremely low Irequency signals, as reporied in Reference 2, are slill pvorly under-
stood. Many investigators feel this phenomenon s assoclated with the expanglon of the ball of
lonlzed gas o the earth’s magnetie field, but as yel no repurts have been published on thig
subject.

All previously recorded datz indicates that thie source of the electromagnetic signal may, at
least at large distances from pround zero, be represented by a vesrtical electric dipole. Even
for distunces of a few thousand yards, cxperiments on induced ground currents (Reference 7)
support this conclusion, except that this evidence does not preclude the existence of higher-
order multipole sources of lower energy in addition to the dipole source. Calculations of pre-
dicted field strenpths were, therefore, made on the basis of a vertical-dipole source with the
distinet understanding that the measurements would include attempts to establish or disprove
the existence of ficld components that do not arise from such a source,

1.3.1 Courdinates and Dipole Momecut. The spherical coordinates used are radial r, polar
angle 8, and azimuthal ¢. The plane @ = 7/2 is taken as an interface between a periectly
conducting medium >7/2 and an {nsulating medlum of dielectric constant ¢, and permeabil-
ity iy (0<7/2). I there is a displacement of charge q along the vertical axis a distance 1/2,
there will be a corresponding displacement of charge from the interface equivalent to displace-
ment of charge —q to a distance of —1/2. Thus, the displaced charge and its image may be
regarded as a vertical electric dipole of moment P =gl whose strength is measured in coulomb
meters,

1.3.2 Fourier Representation. I the displacement of charge takes place in a finite time,
the value of P = () is given by a Fourler integral:

P = " e aw (1.1)

However, if the duratlon of the displacemen? 18 sufficlently short so that the values of P and

of ite time derivatives are insignificantly different from zero at some time after the [nitiation
of the displacement, the values of P; may be represented to any required degree of precision
over this interval by a Fourier series. This ls equivalent to assuming that the charge displace-
ment is repeated at intervals of 7, but this does not lmpair the accuracy of the representation,
provided frequencies lylng between zero and 1/7 are not considered. In this case the electric
dipole moment will be given by

n
Py = 2[A,cos 2mm(E/7) + B, sin 2mn (¢/7)] (1.2)
0

Where: A, B, = magnitudes of Fourler components, coulomb meters
t = time from arbilrary origin, seconds
7 = thine interval over which the representation is to be glven, seconds,

As stated before, T i8 selected to be sufficiently long that P, and its time derivatives are
12

SECRET




essentially zero at its bounds. If the charge displucement beging sharply, it is convenient to
set ¢ = 0 at this time, or just before it.

This finite-series representation can be made to approach the integral as closely as desired
by extenslon of the laterval v and the Increasing of #. In the finite representation, A, and B,
are approximations to the contributions {o P, duc to the spectral contributlons lylng between
{n— ¥}/ vand (0 + ¥%)/7 inthe integral represontation. As 7 and » approach infinity, A, and
B,; approach the spectral density at the frequency 7 = n/7 in the even and odd components of the
integral representation. '

1.3.3 Elcctric Field. The # component of the electric field al the tnierface, a distance r
from the origin due to the charge displacement s glven by:

oo 1 ¥ cos 2nnt* 2mrsin2moaty 4u?n? cos 2one*
ST ape " - B

i? Ter? e’y

* M 0S8 » 2.2 *
+B, (Bannm’ _ 2mucos2mut  dniwuisin 2mt )] 1.3)

r? Ter? T2y
Where: #* = i/t —v/TC

The equation shows that each frequency component in the charge displacement is represented
by a corresponding component in the electric-field changes. The contributions to the field
involving 1/r® (the quasi-static term) are of the same relative strengths, term for term, that
they are in the source function. The contributions involving 1/r® (the induction term) are rela-
tively enhanced by a factor of » with respect to their relative sirengths In the source, while
the contributions Involving 1/r (the radiation term) are relatively enhanced by a factor of ne,

The concern here 18 with observations of the electric field at distances where the contribu-
tlons involving 2/1‘a and 1/r* are important for the lower frequency terms; hence, attention
cannot be confined to the radliation field.

1.3.4 Relations between Electric and Magnetic Fields. The notations in the preceding
gsection, which were designed to facllitate numerical calculation, are cumbersome for theoreti-
cal discussion. In examining the relationship between the electric and magnetic fields, it can
be assumed that the source is a simplc harmonie, and the equations for the electric and mag-
netic fields at the interface can be written ln the form:

1 1 iw  w? —iwt*
B gy (0 e o) 7o oe

. 2 N -
iy - {2~ 2 )ip1g

41ip? er {L.5)
Furthermore:
dBy 1y fw! | it — jwi*
Oy D E kil
a pp ( i + o |Ple (1.6)

At very great distances, only the terms In 1/r are tmportant, and the impedance reduces to
the well-known quantity 120z ohms, 1. c., the clectric field in volts per meter has approximatiety
377 times the numerical value of the magnetic field in ampere turns per meter, This, however,
does not hold true for reglons where terms in 1/¢® and 1/r® are important., Taking the ratio
of Eg to I{¢, the following complox value g obtained:

13
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By [t 1 1
ﬁ% Vg ( 1 it 83 y3 21rr) .0
) L

X ™
Where: X = wave length, meters.
For the radiation field region where terms in 1/r predominate in Equations 1.4 and 1.5
{r >>2), Equation 1,7 reduces to v/ e, or 1205, and E and H are i: phase. While for the
near field here under consideration (r-<<X):

E [T}

jood : JESRSEE Y s N .

H¢ ! €y 2nr (1.8
that ls, the fields are in phase quadrature and the numerical value of the electric field in volts
per meter iz much larger than that of the magnetic field in ampere turns per meter. For
Intermediate ranges, this ratle then decreases and has a more complex phase relationship.

1.3.5 Calculatlons. A number of electromagneilc pulses have been accurately observed at
known distances from the charge displacements glving rise to them. Since the source was ap-
proximately 20 km from the point of cbservation and since there were lmportant contributions
to the pulses in the frequency range below a few klloeycles, the quasi-static and induction
terms were both important. Shot 7 of Operation Upshot-Knothole was selected as having a
typical pulse height and frequency spectrum. The predominant frequency at 17.8 km was es-
timated to be 14 ke, and the approximate total pulse duration 54 psec (Reference 3, Table 4.1).
The dipole moment contributions to a number of irequencies (per kilocycle band width) were
calculated, and the electrlec magnetic fields due to these dipole moments were synthesized by
the use of the equations in Sections 1.3.2 and 1.3.3.

An assumption had to be made regarding the total length ¢ of the dipole moment; this was
rather arbitrarily set at 1 km. The electrlc moment was calculated to be 6.4 % 10} coulomb
meters, and the (ollowlng values of field strengths were then derived at a distance of 100 meters
from ground zeroc;

Hg = 515 ampere turns per meter

Ey = 5.78 % 107 volts/meter

%HTQ = 4.78 x 10" ampere turns per meter per second

The predominant frequency In the dipole current, i.e., at ground zero, was calculated to
lle between 5 and 6 kc, showing that, as expected, lower frequency components have a relative-
ly larger tmportance in the near-field region. Figure 1.1 shows the reconstructed pulse shape
of the magnetle field as expected for a similar shot in the reglon of interest, and Figure 1.2
shows its derivative, which represents the voltage induced in a loop antenna.

1.3.6 Effect of Distance on Spectrum. The shifting of the Fourier spectrum of the pulse
toward lower [requencies as the polnt of measurement is moved from the far (radiation) toward
the near (induction and quasi-static field) regions can be shown by the following analysis.

Assume an ideal ogcillating electric dipole in free space and let it radlate a pulse composed
of many {requencies whose currents are in the 8ame phase at zero time and distance. Consider
two frequency components of the puise, wy and w, {(where w = 27f), with corresponding trans-
verse electric fields E, and E,, and dipole moments M, and M,. The problem is to predict
how the amplitudes of the electric flelds associated with the two freguencies vary with radial
Jistance from the axis of the dipole,

In general, the transverse electric field component is glven by:

14
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MK® Gi(wt —Kr)

__ 1 i 1 (1.9)
9= 47€0 slnt)[ L ]

Kr " (Ko? T (Krp

Where: K = 27/ = propagation constant
M = dipole moment
r = radial distance from the dipole

Let the two frequencies be related through the propagation constants by some ratio, Ky = AK,,
where A is greater than 1. Let the dipole moments be in some other ratto, M; = BM,, where
B may assume anv value, Using F.uation 1.9, the ratio of the magnitudes of the two fields,
|E(/E,l, for equal £ at any distance r, can be derived In terms of the constants A, B, and the
distance r.

Taking the absolute value of E;/E, and substituting for X; and My, the equation for the ratio
of the fields at any distance r ls

Ey
E,
In the viclnlty of r = 0, the ratio |E,/E,| is equal to B {the ratio of the dipole maments).

At relative large distances {on the order of about a wavelength of the low-frequency component),

the ratlo s approximately equal to BAZ,
By differentiating |E/E,| with respeet to r, and setting the derivative equal to zero,

1/2
- [A‘(Kzr)‘ —~ ANK)? 4 1 (1.10}
b Ko = (Kr)¥+ 1 -

(1— AN AT (K,r)* - 2(A%+ D(Kr)P + 1 =0 (1.11)

Hence, for A >1, the cxtrema occur at r = 0 (where |[Ei/E,] = B) and at the zeros of
[Az(Kzr)‘ — 2(AY 4 1) (K,r)? 4+ 1]. Thus, a curve of E/E, versus rK, contains both a maximum
and a minimum, which oceur when

(A% + 1) +J(AT + 1) _A?
AZ

From Eguation 1.18, when A = 1 {or wg = w,), there are no maxima or minima, and the
curve is z straight line. As A increases indefinitely, the position of the maximum approaches
K, =¥2, or r=v2),/2r. Figure 1.3 shows the general shape of the curve for |E,/El versus
rK, if B is held constant and A is varied.

On some of these curves a point may occur where |E| = [E,| (depending on the values of A
and B). ‘This polnt occurs at a distance

. 1
Ko - [ (1 A’BY + Y (4B% + 4B2AY) — (3A°B‘+ 2A%B% + 3)
L -

12

rK, = [ (1.12)

(1.13)

2(1 — B*AY
For |E(| = |E,| the following condition must be sutisfied:

-3A'B' + (4+4A'-2AY)B -3 0

From this condition it is found (by letting A — =) that, If M, Is larger than 2V3/3 M,, the
two flelds can never be equal, no matier what value A is given.

Thus:

(1) Unless the frequencles are equal, the curve of |E/E,| versus rK, will always have a
maximum and a minimum point whose positions depend only on the ratlo of the {requencies.

(2) ¥ M, is greater than (2/3) V3 M,, then the fleld associated with the higher frequency
will always be greater than that of the lower frequency. If M is less than M,, the amplitude of
the higher freguoncy field will be less than the amplitude of the lower frequency field at short
distances. This is evident from the curve for [E/E,l versus rK,.

{3) A low-frequency component that contributes relatively little to the radiation field eannot

be ignored in the near field.
15
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Chapter 2

PROCEDURE

2.1 RECORDING EQUIPMENT

From the calculations of the expected magnetic field intensity, it was estimated that the
values of interest at the closest-in station (Station 1) would be somewhat between 1 and 20 oer-
steds, Five recorder stations were to be located at increasing distances from ground zero to
a maximum distance of 16 times (Station 5) the closest-in station distance from ground zera.
Assuming & peak signal of 10 oersteds at Station 1 and the worst possible predicted degradation
of signal as the third power of distance, this would require a seusitivity of about 2,5 millicer-
steds with attenuators (with sufficlently varlable steps) to a maximum of 72 decibels. The ac-
tual design sensitivity of the instrumentation that could be reached without an excessive require-
ment on power, noise, etc., was 10 millicersteds full-scale at maximum pain with a dynamie
range of about 30 declbels. I the peak signal strength were 10 oersteds at about 5 k¢ at Station
1, this design would make it possible to record the same signal level at all stations by setting
the galn to the maximum at Station 5 and Introducing sufflcient attenuvation to record full scale
at Station 1,

The expected signal had strong {requency components in the 1- to 30-kc region for most
weapons. Occaslonally, fairly strong components have been noted up to 50 ke, and rarely has
anything of comparable fleld strength been noted above 100 ke, Since a loop antenna ylelds a
voltage that is the time derivative of the magnetic fleld, signal components should extend up to
200 kc, at most. The major requirements were, therefore, for an Instrument with a large
dynamic range, broad frequency coverage, and excelient shielding against direct plekup, i.e.,
other than through the antenna. These speclfications were met by a sclf-contained, low-input
impedance, wide-band, rugged magnetic tape recorder.

The instrument was desaligned to have the following characteristics:

{1) Ite total recording time had to be sufficlently long to have stabiltzed by shot time (assum-
ing it had been pravicusly turned on by a timing signal) and to allow recording through the
arrival of the blast wave. This period was dictated by an estimate that some very-low-frequency
components (below 100 cps) noted on at least two previous occasions were connected with the
shock wave,

{(2) The recorder had to be completely self-powered, since power lines, signal lines, or
both, could serve us source antennas to introduce unwanted signals into the electronics.

(3) Integrating circultry was reguired to obtain the desired record of magnetie-field changes
versus time, since the voltage across a low-impedance loop antenna is proportional to the time
derivative of the magnetic field, Integration can be performed before recording by suitable
electronle circulls, or after playback by electronic or graphlcal means. Neither method ap-
peared entirely satisfactory alone; thus, for reliability, a dual-capability was provided for
recording both the differential signal and the integral of a loop antenna output. For an additional
{freedom of cholce, the Integrating circuit could be bypassed to permit a straight-recording of
the antenna output.

{4) The recorder had to be capable of simultaneously recording the signals from preferably
three and at least two differcatly orlented antennas, since the actual spatial direction of the
magnetic field at the close-in distances could only be surmised but not definitely predicted.

(5) It had to be capable of withstanding and recording through the accelerating forces caused
by the passing shock wave at the closest-in station. Al this point the acceleration was estimated
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not to exceed 50 g in any directlon.

(6) It had to be electromagnetically shielded sufficiently well so that the very large electric
field could not bypass the antenna and become Impressed directly on any portion of the record-
ing circuitry.

(7) Since the magnitude of the expected magnetic field was only calculated, for safety purposes
the instrumentation had to be capable of recording full-secale values at least 10 times higher than
those expected, 1.e., up to 100 oersteds at frequencies of about 5 ke.

2.1.1 System DNesign. The final design of the instrumentation system consisted of signal
pickup léops, shielded signal lines, and a shielded package contalning a magnetic tape recorder,
topethesr with asscclated electronies control clreuits and power supplies (Figure 2.1).

The more deslrable system, which would place the instrumentation at a safe distance from
the detonation, was ruled out, sinece the enormous clectromagnetic field would make impossible
the use of long signal lines.

Consequently, the system was completely self-contained and required only two timing signals—
one at {; {detonation time) minus 5 minutes to turn on the equipment early enough io provide
adeguate tube warmup and circuit stabilization, and a second signal to start the tape recorder at
ty minus 60 seconds so that the recorder would be up to speed at ty (Table 2.1). These control
signals were Lo be furnished by Edgerton, Germeshausen and Grier, Inc. (EG&G), which had
sole responsibllity for generating and distributing the timing stgnals to the nuclear weapons and
all the instrumentation.

Automatic curcuits disconnected the recording systems from the timing lines after the second
timing signal and then shorted them to preclude the possibility of their serving as antennas that
would inject large slgnals through the package shielding.

The system package requirements were dictated by the severe environment to which it would
be subjected during its recording cycle. Since the close~in instrumentation installation would
be virtually in the fireball of the detonation, mechanical and electronic design requirements
were severe, The Instrumentation not only had to live through the detonation and perform its
normal recording function but also was not to be infiuenced by any of the detonation forces ex-
cept those that acted on its input transducers. Moreover, only low-cross-section, short half-
life materials could be used throughout so that test personnel could recover the equipment
without undue delay. The difficulty of the problem was not mitiguted by the fact that the magni-
tudes of these forces were arrived at by calculation and extrapolation from incomplete previous
data.

Te protect the system {rom the considerable ground shock and nuclear radiation near ground
zero, the recerder package was hung on springs from heavy timbers 12 fect underground in a
concrete-lined hole, Electrically shielded cables led upward from the recorder to the informa-
tion-sensing loops, which were mounted at, or slightly below, the surface ol the ground. Sand-
bags were plied un top of the recorder for shieldlug from nuclear radiation, and a massive
wooden structure supported the weight of the sandbags.

These precautions were intended to protect the equipment from overpressure loading and
ground shock. The long rlant distance through the earth from the point of detonation of an air-
burst provided considerable neutron and gamma shielding. Magnetic shielding, which attenuates
the introduction of a signal at any point except at the input loops, was an integral part of the
recorder package. ‘'Uhe magnetic shieldiug problem requiremonts were severe for the recorder
package, since it contained high-gain electronics in addition to sensitive magnetic recording
heads.

2.1.2 Magnetic Shielding. The recording system was inclosed in a 0.125-inch-thick Armeo
iron box with a hermetically sealed cover, which served the function of the outer magnetic
shield and a mechanical housing.

The degree of shiclding required was based upon (1) the predicted maximum field of 10° volts/
meter, (2) a 1-meter maximam length of conductor within the shield, and (3) the lowest signal
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that conventional electronics can readily detect, or 1 x 107° voli, i.e., an attenuation factor of
10" was required {noglecting reflection from the shield surface).

The tron box was chosen for the outer magnoetic shield to preclude the possibility of satura-
tlon in the very high field. The attenuation factor of this shield section (again neglecting reflec-
tion) was calculated to be 4.5 X 1075, which would reduce the fleld to a value where the more
efficlent Mu-metal could be used,

Two mutually insulated 0.025-inch-thick Mu-metal shields were placed inside the outer iron
shield.

The sffectivoness of the combined triple-shield was ealculated by use of the skin depth ex-
pregsion (assuming 1,000 cps to be the lowest Irequency component to be shielded)

H; (or E;) = Hy {or Eg) et”x‘lb
Where: & = 'wfx_a meters
= Hpalt,
w= 2/
= 2r10% cps
¢ = conductivity (mho/m}
Lo = 4r % 10~7 henry/meter
The following very conservative assumptions were made:
Harmeo tron = 200
Myu-metal 1aty

gArmeo lron = 107

OMu-metal = 2 % 10°

Therefore, the vomposite shield composed of one thickness of 0,125-inch tron and two
thicknesses of 0.025-inch Mu-metal will attenuate a signal by:

4.5 % 1979 x 6,25 x 10~% = 2.8 x 1010

Although thls might sezm marginal, it must be remembered that this figure is based on the
effect of the field on a 1-meter length of wire and neglects any field reduction by reflection.

In the actual recorder, all signal leads were kept well betow this value, and most of these leads
were shizlded, twisted palrs a few inches long.

The two Mu-metal shields were insulated from each other by a 0.125-inch layer of felt
(Figure 2.1), which served to provide high resistivity between shields, protected the relatively
sensitive Mu-metal from shocks that might change its magnetic characteristics, and provided
a considerable degree of thermal shiclding.

2.1.3 Antenna System. Each antenna consisted of six turns of polyethylene-insulated No. 18
copper wire wound inside of a split toroidal copper shield. The mechanical arrangement can be
seen in Figure 2.1, Two aniennas were uriented 80° apart so that {wo components of the eleciro-
magnetic field could be recorded simultaneously on two channels. One of the loop antennas used
is shown in Figure 2.2. The lines that fed the signal from the pickup loop antennas to the in-
strumentation package required extremely effective shielding. Unlike the leads inside the
recorder package, which could be held to a few {uches in length, these had to be over 3 meters
long and to carry signals of 10 volts or less through fields of perhaps 10° volts/meter to high-
gain amplifier tnputs. Such leads could, as open wires, have spurious emf’s as high as 4 % 10°
volts induced on them,

Two precautions calculated to preclude this possibility were taken:

(1) A balanced line within the triple-shielded coaxial cable was used to fecd the signal to the
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recorder package, Any induced voltage would be fatroduced in each side of the ling in phase
and of equal amplitude; whereas the lnput circult at the recorder Input required equal signal
voltage 180° out of phase. The system was balanced so that in-phase rejection of induced signal
voltages was In excess of 60 decibels.

(Z) The couxiul shields were connected only at the loop antesua (single point grounding), and
each shield was connected to its assoclated shicld in the recording system shield box, 1. e., the
outer shicld was conuectled to the culer iron box, the next Inner shield connected to the next
inner Mu-metal shield, etc. The couaxial shiclds wore composed of (lexible, armored cable
stidlar to clecetrieal BX, which gave a velalively hiph shielding factor. The shiclded signal
lines were fed into the clectroates through attenuators, which could be preset to any value
from 0 te 80 decibels, according to the expected field streogth,

2.1.4 Recording System. The system had & basice recording capability of seven analog HF
bias-type channels on 1-Inch magnetic tape. -

Atthough it would have been desirable to record over a contlnuous {requency range from
several cycles per sccond to several hundred kiloeyeles, this was lmpraticable at the then-
existing state of the magnetic tape art.

Anglog AM recording cai Be suceessfully accomplished over a frequency range of about 20
to 1. Since the upper frequency limit set by head design, tape transport speed (120 in/sec),
and length of recording was about 200 ke, the lower Himil beeame about 1,000 cps,  Slightly
lower frequencices can be recorvded but at a4 cost of increased low-frequency distortion, loss of
dynamic range, or both,

A subcarrier-type FM recording system s quite the reverse, however, since it is capable
of recording data from dc up to a frequency determined by carrier frequency, deviation, allow-
able distortions, dynamlc range, and subcarrier bandwidth requirements. Moreover, since
the FM system utilizes dlscrete carrler frequencies, several channels may be mutiiplexed on
a slogle recording track. Therefore, two separate systems, one amplitude modulated and the
other frequency moduliated, were developed., The former covered the range from 300 cps to
200 ke, the latter from somewhat siightly below 1 ¢ps to 5 ke, The crossover point was at
3 ke, with 12 declbels per octave dropoff on both sides. Two separate carrier frequencies,

36 kc and 120 ke, were used in duplex for the FM system, ylelding four available chanaels for
the low-frequency band on two recording tracks (of the avallable seven), while four more tracks
were used in the AM system for the higher frequency band.

The rematning recorder track was reserved for timing signals. Two signals were provided:
(1) & fiducial marker to accurately establisk time zero and (2) a continuous sinusoidal signal
to establish accurate tiime lntervals after t,. The centor track on the tape was reserved for
these timing signals, since the other tracks would be symmetrically disposed about it and thus
halve the azimuthal alinement errors.

Because prompt gamma radiation would reach the recording position in a fraction of a micro-
sccond, 1t was used to establish t; by arranging a pulse generator clreuit utilizing a gas tube,
which would conduct when lontzed by the arrival of gamimas and cause a high-amplitude pulse
to be recorded on the timing channel. The 10-ke timing signal, generated by a stable plug-in
vacuum tube oscillator circuit, was recorded on the timing channel.

Selector switches allowed the operator to choose the recording of either the derivative of
the magnetic-ficld change or its Integral on each channel. The lapul slgnal could alse be simul-
tancously connected to two channels through different attenvators. This was especially helpful
in the early stages of the experiment, providing an expanded scale required because of the un-
certaiaty of the expected signal foput values. Since the recorder ltsell provided a dynamic
range of about 30 decibels up to 100 ke, a setting of, for instance, € decibel on one and 20
decibels on other attenuator resulted In a usable range of 50 decibels,

All the preceding clrewitry, including a second antenna, was duplicated in the other half of
the reconder, making a total of two complete broadband combined integrated and nonintegrated
channels available.

A block diagram of the system can be seen in Figure 2.3.
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2.1.5 Magnetic ffeads. A survey of the magnotic tape recording art and commereial practice
made tb clear that a research and development program had to be instituted to extend the com-
merctally available magnetic recording bandwidth by a factor of 2.5. Iiscusslons with leading
recording englneers confirmed the opinion of DOFL englneers that the state of the magnetic
head art at that time was the bandwidth limiting factor,

At the same time, the Naval Ordnance Laboratory {NOL} published a report describing a
new miggnetic material developed by that luboratory, which was composed of (the nonstrategic
niaiertals) iron and aluminum. This alloy was called Alfenol.

NOL had compiled considerable data on the use of Alfenol for relatively low frequency mag-
netic tape head applications (0 to 45 ke) but had victually no experience with its characteristics
af the higher frequencies. Since NOL was unxious to gain data on applications of Alfenol, a
sample quantity of magnetic head lamination stock from Alfenol 16, rolled to 4-mil thickness,
was provided to DOFL for this experiment.

DOFL undertovk to produce a workable magnetic recording head medel capable of response
to ovor 200 ke at a reasonable tape transport speed. The first problem to be sclved was that
of designing and fabricating a magnetic recording bead capable of recording frequencies of
about 200 ke, Consideration of the interrelated problems of head wear, bandwidth, and tape
deterforation versus speed churactertstics suggested that 120 in/sec was the highest reason-
able tape speed.  This fact, then, sct the basic requirements for the recording head design,
The design of a recording head using Alfenol was not a stralghtforward problem, since there
was no design data avalluble on this material.

Two T-channel head assemblies were built, using the best of the contemporary technigues.
The units were identical except for the use of Alenol laminations in one unit (Permalloy was
used in the other unit). There was neither time nor design data available to optimize either
anit to establish an absolute comparison., The Mu-metal head could not be operated at the
500-ke bias frequency without excessive head power reguirements (due to core losses), which
precluded opiimum operation without introducing the pessibility of serious heating and possible
damage such as gap spreading. The Alfenol head, however, worked satisfactorily with 500-ke
bias and power reguirements within reasonable limits (Figure 2.4).

There are a great number of lnterrelated factors that have to be considered Lo the desiga
of a multichannel record head, such as core material, inductance, gay, cross-talk, frequency
response, Q, and mechanical configuration.

A toroldal configuration with balanced windings offers a number of advantages (the most im-~
portant of which is its immuntty to external magnetic fields) essential for use in the detonation
environment. The absolute gap dimension is not critical as long as the back edge of the gap is
straight and reasonably continuous. The conventional way to lap the head pole faces to optical
tolerances is to split the toretdal core and lap the faces. This method requires the use of a
spacer in the back gap, which is of identical dimension to the front gap. Although the back-
gap type of recording head exhibits a lower efficiency and requires higher values of signal and
bias current, it is relatively less scasitive to varlations in inductance, which makes possible
the holding of track-to-track inductance variations within very close tolerances.

The Q of such r head with a 1-mil gap is less than 2.0. I a head is prepared without the
back gap, the efficieney can be as much as 20 decibels higher wilth 2 Q as high as 3, but the
induetance spread even with close winding control can vary 2 to 1, or more. Since input signal
dala was seanl al the time the heads were developed for this project, the low-Q design was
decided upon to ingure very high uniformity between channels, which would help insure con-
sistent, correlatable data. Moreover, since the magnitudes of the input signals were estimated,
it was deemed wise to use magnetic head designs that did not saturate easily.

Head destgn problems could be cegregated Into two categories. The requirements were for
(1) a record head that would handle the regeired bandwidih with low distortion and adeguate
signal-to-noise ratio, and (2) a reproduce head capable of reproducing the signals recorded by
the record head.  The reproduce head was needed to evaluate the record system both in the
developmeitt laboratory and to read eout data in the (leld. The problems presented are different
bhecauge of the basic differcnce in operation of the two systems. The flux in the record head
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and hence the magnetic fleld strength across the tape is proportional to the current in the record
head., The reproduce head output voltage, however, ls dependent on the rate of change of flux
produced by the magnetic poles recorded on the tape as they move past the reproduce head

(and thus on the tape speed),

Since the mechanism of magnetic recording involves only the trailing edge of the record ..
head, the gap dimension does not determine bandwidth. The tralling edge of the record head
must be stralght and amooth, since even small lrregularities cause field concentraticns (of bias)
sufficiently great to erase the higher signal freguencies after they have boen rerorded. .

The record head must have sufficiently high Induetance to be easily driven by conventional
electionics, yet low enough to resonate at or above the blas frequency, here, 500 ke. The
efficlency of the head must be great enough to vperate at optimum bias levels without overheat~
ing. Since the bias level 1 about 10 times the signal level, heating problems beeome increas-
Ingly serious as the blas frequency is raised. Ideally, the frequency chosen for the bias should
be no less than five times the highest signals superimposed upon the recorded signals. All of
these problems are Intensified since this system required seven tracks to be mounted in one
assembly with a 40-decibel or better interchannel crosstalk requirement. Moreover, the gap
scatter had to be held to less than one gap width to raaintain the absvlute time integrity of the
pulse information con the tape.

Reproduce head inductance should be as high as possible to produce maximum output voltags
subject to the requirement that the head resonance falls well above the highest signal {requency
(250 kc).

2.1,6 HF/AC Blas Requirement Determination. An analog magnetic recording system re-
quires an HF/ac bias to be mixed with the Intelligence signal to malintain very low distortlon by
maintaining the recording medium in the center of the linear portions of iis hysteresis loop.

The suitability of an Alfencl head could not be completely assessed until the proper bias
requirements were established. Bias requirements vary greatly, depending upon the absolute
values of such parameters as core materlal, inductance, gap, track width, signal bandwidth,
tape type, trausport speed, bias frequency, and allowable distortion. Instrumentation required
tc perform the blas requirement determination comprise a magnetic tape reproduce system of
known characteristics. This system included a suitable tape transport mechanism, a reproduce
head with known response characteristics, a reproduce amplifier with known characteristics .
including a bandwidth 1n excess of that to be measured, and distortion low enough to be consld-
ered negligible (0.1 percent of lower), as well as a suitable vacuum tube millivoltmeter and an
osclllescope, In addition, a record amplifier was required capable of driving the record head
with a constant curvent versus frequency characteristic over its entire frequency range. This
determination consisted primarily of running a family of frequency response curves over the
reguired bandwldth (1 to 250 kc).

The effect of varying the HF bias Is to cause the signal HF sensitivity to change inversely
with LF distortion. A compromise had to be effected between acceptable distortion at the low-
est signal frequency and the maximum acceptable attenuation of the highest signal frequency.

In generzl, at the higher slgnal frequencles, a high value of bias tends to erase the recorded
frequencles, while at the lowest signal frequencies the hysteresis loop operating characteristics
of the magnetic core material require higher values of blas. The bias requirements must be
determined for the specliic type of magnetic tape that is most suitable for the recordlng job to
be done, Other tapea are nof interchangeable with the chosen tape without adjustment and re-
calibration of the bias record system.

The bias is usually obtained from a stable, low-distertion power oscllilator. Amplitude
stability (s important, because the intelligence HF amplitude and LF distortlon are a direct
function of biay amplitude, Varlations In blas amplitude of = 1 decibel are considered the iimit-
ing acceptable value for all changes due to components and supply voltages.

Even mwre lmportant— very good waveform symmetry must be maintained. OQutput wave-
form asymmetry will appear ag a de component in the record head, which will displace the
zero gignal operating point from the center of the hystercsis loop characteristic with an
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attendant reduction in dynamic range, and Increased nolse and distortion,

Small variations in bias oscillator frequency, per se, are of secondary importance except
where it (1) affects output amplitude or waveform or (2) varies outside the frequency limits of
bias traps on isolation circuits in the record or reproduce amplifiers.

In multichannel record systems, the bias signal for each record head must be isolated from
each other head to eliminate signal crosstalk. It is usually not feasible to use separate bias
oscillators for each channel, since it 1s nearly impossible to shield the channels well encugh
to preclude beats between the bias oscillators. Separate oscllliators can be used, however, if
they all operate at the same frequency, by {ntroducing synchronizing signals between them.

A great reduction in circuit complexity was effected by using one bias oscillator and an iscla-
tion amplifler stage between it and cach record head, In addition to reduced circuit complexity,
the following advantages accrued from this choice: (1) the bias oscillator did not have to supply
the bias power, resulting in improved stability and waveform; and {2) bias adjustment of each
channet did not affect the oscillator.

The bias osclillator signal amplitude was about 10 times the intelligence signal amplitude.
Care had to be exercised to prevent the former from leaking into the signal circuits where it
could Influence the operation of these circuits in addiiion to generating beat signals. This is
particularly important when the blas slgnal frequency approaches the higher signal frequencies.
As stated earlier, the minimum design rule of thumb dictates a bias frequency at least five
times the higher signal frequency. In this record system, this was impossible because of head
core limitations, so effective bias rejection filters had to be interposed between the record am-
plifiers and each record head.

2.1.7 Tape Transport. The function of a tape transport is to cause magnetic tape to be
transferred at a constant rate [rom one reel to another; npassing over magnetic recording heads
on the way. All design efforts are pointed toward insuring constant tape speed and constant in-
timate contact between the magnetic surface of the tape and the activated area of the recording
head. Even partial accomplishment of these goals requires the maintenance of extreme rigid-
ity between mechanical members, usually necessitating & heavy cast “plate” upon which the
mechanical components are mounted. Sometimes an even more rigid assembly is required,
which may take the form of a box-shaped aluminum casting. Such a machine is manufactured
by the Cook Electric Company. This recorder, used by DOFL in this project, operated at a
tape speed of 120 in/sec and included provision for mounting & 7-channel magnetic record head.
This transport (Cook Electric MR 315) origlnally designed for use in rocket sleds for the U. S.
Alr Force, was capable of operating during 50-g accelerations. It included an armored, takeup-
reel housing {u protect the tape record even in the event of severe tape puller damage., The
machine provided capacity of 1-inch-wide, 1.5~-mil-thick tape sufficient for a total recording
time of 48 scconds (at 120 in/scc).

The Ceok tape transport was powered by a 24-volt d¢ “synchronous” motor containing a
vitrating-reed-type speed-regulator system capable of holding speed variations, wow, and
flutter to values approximately equivalent to an ac hysteresis synchronous motor powered from
the usual 110-volt, 80-cps power line.

The transport was modified by DOFL englneers to include a head pad to insure contact be -
tween the record head and the tape, and to Include a recorder timer, which took over the vari-
ous switching functions of the entire recorder from 60 seconds before until 45 seconds after
detonation.

With the sequence timer geared directly to the transport drive, an absolute timing relation-
ship was maintained between the switching functions and the actual position of the recorded
signal on the tape. This latter feature was desirable, since the total available recording time
was only 45 seconds and since about 20 seconds of this was used to accelerate the tape to 120
in/sec and 20 seconds for recording the field signzl. An crror of several seconds in timing
might have caused the desired signal to be recorded during tape acceleration, destroying the
frequency accuracy of the record, Shortening the 20-second recording timie would cause loss
of iformation on possible long-persistence field strength variations. The modifications
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performed by DOFL engineers on the Cook tape transport can be seen in Figures 2.5 and 2.6.

2.1.8 Kiectronics. The electronics were packaged into individuzal plug-in modules (Figure
2.7) and Included the following: preamplifiers and intcgrator circuits, multiplex circuits and
timlng oscillator, and recording electronkes.

In the interest of extreme flexibllity, the recording system was designed to accept input
signals over a range of about 100 decibels. This was accomplished by providing high- and
low-gain plug-in preamplifier modules in addition to adjustable input attenuvators.

To record H as well as dH/dL, an Integrator cireuit was provided, which eould be eonnected
between Lthe antenna and the recorder. Two plug-in integrator units (Figures 2.8 and 2.9) were
required per channel. One way deslgned to perform its integration funciions over the HF band
and the other over the LF band, The Intepgration characteristics were obtained through balanced
reactive feedback loops.

Two channels of LF information were FM multiplexed on one track at two carrier frequen-
cles selocted to produce a minimum of interaction while maintzining adequate bandwidth,

DOFL-designed FM modulator units (Figures 2.10 through 2.12) were packaged in the form
of plug-in modules, which simplified fleld service problems and reduced the possibility of
cbsoleseenee for future test programs,

The multiplex M modulators were designed to operate at subcarrier frequencies of 35
and 110 k¢, respectively, The elreuil used in both the LE and HF modulators was an adapta-
tion of the phantastron oscillator, cathode modulated by the varying R, of a modulator triode.

This circuit (Figures 2,10 through 2.12) could be devlated « 20 percent with less than L per-
cent total harmonie distortion, with an input of 300 mv.

The timing osillator unit (Flgure 2.13) contained a subminiature pentode RC oscillator fol-
lowed by a subminiature triode cathode follower,

Since the RC osclillator design was relatlvely insensitive to variation in supply voltages and
the effects of the nuclear environment, I was not necessary to provide a balanced output {Fig-
gure 2.13). The signals from the attenuators had to be ampiified by relatively high gain, bal-
anced preamplifiers with 2 high In-phase rejection ratio before they could be fed to either the
modulators ar the record ampiifiers {in the case of HF channels) (Figures 2.14 through 2.16).

The recording electronics, also packaged as plug-in modules consisted of: record amplifiers,
blas oscillators, and blas isclation amplifiers.

The record amplifier was required to transform a small transducer output voltage into a
current sufficlently great to drive the record head. The head driving stage had to provide a
constant current versus frequency characteristic over the range from 1 to 250 ke with a dynam-
ic range of aver 35 decibels.

The blas oscillator had to provide a stable output voltage at 500 ke with very pure waveform.
In particular, the waveform had to be symmetrical, since any asymmetry resulting in a de
component in the head circuit would degrade its signal-to-noise ratio and LF response.

Isolation means {usually amplifters) were required to prevent crosstalk between chaancls,
since the bias connections to each head would effectively place all of them in parallel, and to
reduce the power requirements on the uscillator, which would resulf from connecting seven
head circuits in parallel to the oscillator output circuit. Considerable escillator power was
required to develop sufficient bias current in the head (approximately 10 times the signal cur-
rent or 10 ma per head).

The record electronics had to be miniaturized to fit in a reasonable-sized package, rugged-
ized to withstand very severe physical environment and be arranged in a plug-in configuration
to facilitate field servicing and to allow rapid change in the system as required for the different
phases of the tests, Complete interchangeablility of all of the components in the record system
package (plug-ins, heads, etc.) made it possible to use five machines interchangeably, both
within one test and from test io test, and resulted in saving of time sufficient fo allow field
personnel to include additional tests to answer questions that arese as data from each test was
processed.
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The record amplifier (Flgure 2.17) was designed to supply an essentially constant current
signal to the record head over a frequency range from 60 to 330,000 eps. It consisted of a
push-pull RC-coupled power nentode amplifler stage utitlzing two mintiture 5686 tubes. The
relatively low impedanca output elrewit was fed to the heads through a series resistor and a
pair of biag trap colils, whlch prevented the relatively high amplitude bias signal from feeding
into the record amplifier plate clreuit and modulating the information signal. The serjes-~
resonant bias trap coils consisted of miniaturized 465-ke ferrite core radio IF coils, which
could be tuned exactly to the 500-ke blas frequency and had sufficiently high Q o exceed the
design requirements of 40-decibel attenuation.

The pentode design was used for several reasons, the more Important of which included, In
addition to the higher power sensitlvity, taking advautage of the constant current characteristic
of a pentode to drive a load (the head) thal requires a constant current signal. Also, a pentode
is relatively inseasitive to the actual value of load reslstance in that its distortion does not in-
crease rapidly as the plate load impedance is lowered below its plate impedance as a triode
does.

The blas oscillator (Figure 2.17) design comprised a push-pull tuned plate type with balanced
capacitive grid plate feedback. The tank coll consisted of the primary winding of a ferrite cup
core fransformer the secondary of which fed g push-pull resistance-coupled triode amplifier
stage with RC plate-grid negative feedback, which served Lhe duil purpose of providing & low-
impedance driving vollage to drive the seven bias Isoliation amplifiers and isolating the oscilla-
tor from the loading of the geven blas circuits.  An adjustable connmon cathode resistor was
provided to balance the amplifier elreuit o reduce the distortion to the practical minimum.
Slice distortion-measuring equipment thal would operate at 500 k¢ was unebtalnable at the time,
direct distortion measurements could not be made.

Signal distortion measurements were made, however, ot the low signal frequencies; these
were considered an adequate Indication of blas distortion, since bias level considerations are
based [n part on the LF distortlon, which varies inversely with frequency., The total distortion
due Lo blas waveform asymmetry and record amplifier distortion measured at the lowest signal
frequency (1,000 cps) was less than the value considered acceeptable for recording the data (3
percent).

A balanced push-pull amplifier (Figure 2.17) was interposed between the bias oscillator and
the record head for each track of the record system. This amplifier, utilizing two power pen-
tode G005 miniature tubes, not only supplied the head eircuit with the proper bias current but
also provided adequate isolatlon between the head and the record amplifier and more than ade-
guate isolation between tracks.,

This eircuit complication, additlonzl space, and power drain were justified, since the dis-
advantages were more than outweighed by the following: (1) lowered power reguirements for
the oseillator, which woeuld otherwlse be greater than could be supplied with miniature {ubes;
{2) optimum impedance match to the head, which would preclude loading of the record amplifier
output clreuit; (3} individual adjustment for eptimum blas for each track without interaction on
the other track; (4) over 40-dacibel reduction of the track-to-track crosstalk, which is a serlous
problen in a common blas system; and (5) considerable reductions of noise modulation and dis-
tortion due to the reaction of the bias signal an the plate cireuit of the record amplifier. (A
filter was inserted in the record amplifier plate ctrevit to further reduce this effect.) Without
the bias amplifier, this filter would have been very complex, which would have degraded the
good system transient responsc.

The bias signal was fed from the bias amplifier te the head via & balanced output transformer
and blocking capacitors.

The record system, lneluding the record clectronies, bias oscillator, bias amplifiers, and
heads, utilized completely balanced circuitry, which effected maximum rejection of electro-
magnetle slgnals necessary In near-field measurcments.

2.1.9 Powcer Supply. The instrumentation reguired a self-contained recording system, which
dictated the use of battery power as g primary power souvce. Karly planeing resulted in the
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dacision to use a single battery of secondary cells, mainly because the expected extensive devel-
opment, lest, and service time of primary (or dry) cell batteries would reguire too much space,
cost too much, and have questionable reliability whoen subjected to all of the aspects of a nuclear
detonation.

A study of the problom revealed that the best corapromise in the selectics of secondary cell
batleries was the hermeiically sealed nlckel-cadmlum Voltabloe battery, This 28-volt, 35-
ampere unit was exceedingly rugged, was capable of withstanding many charging cycles, was
able to dellver large surrents in a short perlod of time, and was possessed of a flat discharge
versus voltage characteristic.

2.1.10 Recorder Package, The recorder lnner package occupled a volume of 8 cubic feet
arranged in a cube with 24-inch stdes. The outer frame of 2-inch aluminum angle stock was
welded into two box scctions, which could be swung apart on a ptano hinge for case ir servicing,
When swung together, the two sectlons, allned with guide pins, were held together with heavy
bults, Two lifting rings were attached on a vertical line through the package center of gravity.
All of the sides were flush so that the package could be easily slid into the outer magnetic shield
assembly. Flexlble cable connections ran between the sections so that it would operate ina
normil manner with the sections swung apart. All of the electronics were located in the smaller
of the two sectlons and the timing, power, and tape trangport mechanisms in the other.

The varlous components can be seen and identified In Figures 2.18 through 2.2i. Notice that
every component is accessible for adjustment or replacement, in spite of the staunch frame.

The tape trangport was located in the top of the power section of the recorder package so
that the magnetic tape could be removed and replaced without removing the recorder package
from the outer magnetic sihteld.

Because of the considerable weight of the recorder package, servicing facllities were set
up in the fleld with benches arranged in 4 quonset hut in such a way that & small crane could
1lift the recorder assembly from the outer magnetic shield while outside the hut, swing the pack-
age into the hut, and deposit it in the servicing position. The photographs in Figures 2.22
through 2.24 show the recorder beilng placed in the outer magnetic shield box and the complete
system being iustalled into the container well of the site.

2.2 CALIBRATION

Calibration was performed before installation of the station and after recovery; 2 complete
tape with sufficient amplitude and {requency characteristics was recorded both times and re-
tained for future evaluation and signal analysis.

The simplicity of the lecop antenna operating below Its self-resonant frequency permitted an
easy calculation of the value of the time derivative of the magnetic field, since:

dH

(induced voltage) = "NA 1 O

12.1)

Where: N = number of turns
A = area of loop, m?

Since the characteristics of the integrators were known, the value of the magnetic field could
bLe calenlated. Pre- and postshot calibration tapes were analyzed in the tabhoratory and, to-
gether with the known electronic integrator characteristies, were used to prepare the sensitiv-
ity data, in ampere turns per meter or amperce turns per meter per second, for each recording
channel at each station and recorder,

2.3 METHOD OF INSTALLATION AND RECCVERY

The recorder boxes had to be protected from the effects of overpressure, and although the
Lape puller was capable of operattng under high acceleration, it was desirable to reduce the
shoek to a minimum by suifable shock mounts. Furthermore, the electronics had to be pro-
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tacted from appreciable mclear radiation, since at the high radiation intensities present at and
immedlately past tlme zero, induced lransient currents and, at the closest distance, even per-
manent degradation would result.

Subsurface instatlations were, therefore, planned. Calculations were made to determine the
depths necessary for reduction of neutren dosage to 10 neutrons/em? and gamma dosage to
0.3 r for the largest shot in which each statlon participated. The deepest hole measured approx-
imately 8 feet to the surface of the recorder shield, whereas the outermost stations measured
1.5 feet. To accommodale the instrumentation boxes, all holes were 5 {eet square.

For best results, the entire space above the instrumentation gshould have been filled with
soll; this, however, would have Introduced a serious recovery problem. Sandbags grouped in
standard Army eargo nets were used as the cover instead, and care was taken not to leave
large voids through which neutron leakage could occur. The recorder box was suspended by
four springs (resonant frequency approximately 2.5 cps, maximum excurzion 3 inches) mounted
to an aluminum hanger plate bolted to lumber hangers that fitted into concrete slots. A cover
of 4~ by 10-inch lumber (maximum dimensions for the deepest hole) rested on a concrste llp
and served to suppart the sandbags and protect the recorder irom the overpressurs. The trans-

plgsion and timing lines fltted through slots in this cover and sxtznded up to the loop antennas,
which were burled 1to 2 feet below the surface. The attenuation of the signal through the a-
mount of sall covering the antennas was negligible at the frequencies considered. Unreinforced
concrete was used as a llner, because the introduction of conducting materials, such as steel
in 2 reinforced structure, would seriously distoxt the electromagnetic signal. !

2,4 STATION LOCATIONS
Figure 2.25 and Table 2.2 glve the location of each station and the slant range to each shot.

2.5 DATA REQUIREMENTS AND ANALYSIS

Information was requlred on the amplitude of the magnetic flield component of the electro- i
magnetic field as a function of time. The recovered magnetic recording tapes for each shot
were played back at the instrument truck at Camp Mercury, and the data obtalned was used as
guidance to set the unit attenuators for succeeding shots,

The signals on the recording tapes were displayed on an oscilloscope and photographed.
Those plctures showing no overload characteristics were then used for scaling purposes. By
means of the callbration tapes and their accompanying oscillecgrams, the output voltage from
the playback amplifier was related to the Input voltage to the recorder. The information of
primary interest obtained In this manner was the peak field intensity, the peak value of its
time derivative, and, in some cases, the time to the first peak and the crossover.

A more complete analysis was performed at DOFL. The interim test report stated that no
LF channels could be played back at Mercury because of excessive noise as well as frequency
and voltage varlations in the power supplies for the playback equipment. Under the more
favorable laboratory conditions, it was possible to extract the LF dati. A great deal of this
turned out to be overloaded, since no attenuator setting corrections could be made in the field
because of the playback problem at that time. Sufficlent data was obrained, however, to yield
a falrly good estimale of the general character of the signal.
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TABLE 2.1

ane [T I | ik rowen ot
EXTERNAL| TIMER {SEC) _DIAL VOLTAGECURRENT
SIGNAL {MIN) READINGS FURCTION {v} (aMPs)
T -smin| 1| TiMinG MoToR staRts  le7.0 0
—a.5 2 TIMING CIRCUITS ON 27.0| 40
-3.5 T3 [ Piaments on T T 7 120 ] 1as
-2.5 4 INVERTER ON 25.5 | 30.8
-1.5
T < imin] | -60 | 5 RECORDER TIMER ON N _|25.3 306
o | -ss RECORDER TIMER LOCKED ON I R
-70.574
—20 TAPE TRANSPORT STARTS 25.0 | 34.6
T oo | .| ® | EXTERNAL TIMING LINE DISCONNECTED [ ;| |
vl Seperr B +20 TAPE TRANSPORT STOPS 25.0 [308
| +0.5_] ; | INVERTER OFF
+45 | ° | RECORDER TIMER OFF T Jes.o]1s.0
| +1.5 8 FILAMENTS OFF ~ l2e.0]| as
2.5 9 | TIMING MOTOR STOPS 26+| O

RECORDER EVENT SEQUENCH

TABLE 2.2 SLANT RANGES OF STATIONS

Only stotions from which daty was collected are Usted.

Slant Range

Statlon Shot from
Burst Zero
meters
Fronehman Flat
¥6.2-9037.03 Prigeilia 038
FG6.2-9037.04 Eriscilla 2,200
Yuccea PFlal
9-6.2-9008.01 Hood 498
4-6.2-9906.01 Lasgsen, Wilson, Owens 250
9-6.2-0006.02 Hood 566
0-6.2-9006.02 Lassen, Wilson, Owens 368
9-6.2-0006.03 Hood 887
96,2~ 9006.03 Lassen, Wilsou, Owons 716
9=6,2-9006.04 Hood 1,590
9-6.2~9006.04 Lasscn, Wilson, Qwens 1,532
9-6.2-9006.08 Hood 2,930
9-6.2-9006.05 Lagsen, Wilson, Owens 2,001
PA-6.2-9001 _ Diablo 28
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Figure 2.5 View of tape transport, showing armored
tape compartment and timer.

32

SECRET




Figure 2.6 Top view of tape transport, showing tape path.

Figure 2.7 Tape rccorder plug-in units.
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Figure 2.5 Schematic of low-band integrator.
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Figure 2.10 Schematic of FM modulator, HF band.

Figure 2.11 Schematte of FM modulator, LF band.
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Figure 2.13 Schematic of timing oscillator and cathode follower.
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Figure 2,15 Scheniete of high-band preampliter 2.
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Figurce 2.19 Recorder, end view,
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Figure 2.21 Recorder, side view.
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Figure 2.22 Recorder package being transferred from service
area to outer magnetic shield box.

Figure 2.23 Lowering recorder package Into magnetic shield box.
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Figure 2.24 Lowering recording package into hole.
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Chapter 3

RESULTS

3.1 DEGREE OF SUCCESSFUL PARTICIPATION

The project participated in six shots: Lassen (0.47 > 10~¥ ki), Wilson (10.3 kt), Prisciila
(36.8 kt}), Hood (71 kt), Diablo (17.0 kt), and Owens (8.7 kt}. Useful data was obtained on each
of these events.

3.1.1 Shot Lassen. Although the yield of Shot Lassen was considerably below that expected,
data was obtained at two statlons. Regardless of the low yield, the peak values of dH/dt were
only two orders of magnitude below those of some of the later shots with yields of from four to
five orders of magnitude kigher,

3.1.2 shot Wilson. It had been hoped to use the data from Shot Lassen to estimate the values
for Shot Wilson, but beesuse of Lassen’s low yield, this was not advisable, The project, there-
fore, tnstrumented for Shot Wilson identically to Lassen, and obtained records at all five stations.
This was essentially the project’s first participation and, therefore, the data obtained was some-
what scant.

3.1.3 Shot Priscilla. Instrumentation for Shot Prigcilla consisted of {ive recorders. Am-
plitudes were predicted by using the Wilson data and a relation involving the square root of the
yleld ratlo, as suggested hy siaff members of LASL. Good data was obtained at Stations 3 and
4. The sensitlvity setting for Station 5 turned out to be too low; thus, no data was obtained at
this station. The first and the project’s only recorder fuiiure occurred at Station 2 as a resuli
of the omisslon of a recorder drive heit before installation. The project had participated in
several successful timing runsg before D—1 day and had noted no failures up to that date. On
D-1day, a timing signal distribution box, located some I feet from Station 1, was sandbagged
by EG&G. The last timing run on D —1 was a hot run, and no personnel could be stationed on the
site. Subsequent examination, in the afterncon of D-1 day, indicated a failure of the timing
relays at Station 1. The Test Director was notified of this fact, the notification was acknow-
ledged, but no corrective actlon was authorized. When Shot Priscilla was later postponed for
1 day, it was apparently still not possible to effect any correction of this failure. The recorder
at Station 1, therefore, received no timing signal, resulting in complete loss of data.

3.1.4 shot Hood. Five recorders were pliced in Area 9 for this shot, Predictions for sig-
nal amplitudes obtained with data from the previous shots proved to be good. Usable records
were obtained at all stations.

3.1,5 Shot Diablo, Two recorders were used during Shot Diablo, Nearly 60 tous of lead
shielding entirely inclosed the devico. ‘The signal was expected to be considerably below those
previously obtained; therefore, a wide range of attenuator settings was used to prepare for
elther the usual signal or a much-reduced signal. In spite of these precautions, no record could
be found on any of the channels at the farther out station. A signal, of the same order of magni~
tude as that obtained in Shot Lassen, was rccorded at Station 1.

3.1.6 Shot D\zen& The project used three recorders. Prediclions of the amplitudes to be
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obtalned al this shot, gathered from the previous shots, turned out to be most valuable in this
case, Good data was recorded at each station on nearly every channel of recording.

3.2 DISCUSSION OF DATA

Tables 3.1 through 3.4 give summaries of the amplitudes of the first peak of the magnetic
fields and thelr tlme derivatives. The slant-range distance to the burst zero is given for each
siuol sinee, as will be shown later, it appears this is the most meanbyful quantity. In addition
to the peak ampltudes, the peak amplitudes divided by the square root of the yield are given for
H¢ and dH,/dt and the peak amplitudes divided by the yleld te the 0.4 power are given for o,
and by yield to the 0.7 power for H, and thefr time derivatives.

In many cases, overload signals resulted in no usable data on several channels. An exten-
sive examination into the overload characteristics of the recorders used resulted in aa ability
to make estimates as to the minlmum values that could have resulted In such overload signals.
Where such estimates were possible, minimum values are stated in the tables accompanying
the oscillograms in the next section.

Tables 3,1 through 3.4 are divided inte data from the HF and LF channels. In each case,
the peak amplitudes stated as recorded by LF channels occurred at times subsequent to those
neted under the HF channel captions, In nearly all cases, however, they appear to be of the
same orders of magnitude. A further discussion of this phenomenon appears in a later section,

An extensive examination has been conducted into the behavior of the integrators. It is con-
cluded that the designs were quite successful, that integration was performed relatively faith-
fully, and that it is possible to approximate the peak time derivative value by dividing the peak
integrated signal by its rise time.

3.3 PRESENTATION OF DATA

3.3.1 Introduction., Osclllograms of the recorded signals, both from the HF and LF chan-
nels are presented in Figures 3.1 through 3.7 and referenced In Tables 3.5 through 3.8. These
tables show what data the project set out to collect during each shot and at what station. They,
furthermore, reference the reader to the oscillograms pertaining to the data and dencte mini-
mum values estlmated from vverloaded channels.

A word needs to be suld about the LF channels. The HF cutolf on these was about 5 ke;
thus, some of the HF signals, successfully recorded on the HF channels, did get through the
amplifiers and were recorded at a much lower rise time gond with decay periods pertinent to
that portlon of the system. Experimoents with the response of the T.F channels to sharply rising
signals leads to the gonclusion that the first few hundred microseconds and perhaps cven the
first millisecond should be disregarded except as evidence of the existence of an early HF
signal.

The LF Integrators had decay times with an e~folding period of approximately 80 msec.
Thus, an oscillogram taken from an LF inlegrated sigmal channel should be interpreted as
follows:

(1) A trace rising to a peak in a {raction of a millisecond should be disregarded and assumed
to be the LF response of a fast rising pulse. When available, the HF channel trace shouid be
uscd instead for that portion of the time history.

{2) A trace rising to a peak in one or several millisecends is a relatively faithful reprodue-
tion of 2 magnetic field strength with that rise time,

{3) The decay of the trace frem such a peak to vero, if appreciably faster than 50 msec, is
probably a faithful reproduction of fleld strength decay with that time constant; if of the order
of 0.1 second or larger, it probably means that the field strength remained at or about its peak
value for a period longer than that. In the latter case, or where doubt existed, oscillogprams
have been presented showing the ficld-ttme dependence oaly to its peak value,

3.3.2 Gensral Description of Signals. As expected, the signials wsostly had rise times of
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the order of several microseconds, It Is well understood that the very [irst part of the signal
should indeed rise considerably faster, beyond the risc time of this reesrding equlpment; how-
ever, at the short distances at which these measurements were poriorimed, very little energy
is contatned in that ttme portlon, and the ficlds continue fo rise with time constants of micro-
second order. 'This same resull haa Leen confirmed by the British (informal discussions with
S.D. Abercrombie, Atomic Weapons Fescarch Establishment, Aldermaston, Great Britain)
who, using 30-Mc cutoff-frequency equipment, have made similar electric field measurements
at comparable distances.

The magnitude, although not the existenee, of the very-low-frequency signals were somewhat
surpristng. An examination of the oscillograms shows that probably two separate signal time
historles are present, the long persistent one starting affer terinination of the short duration
signal. These signals coalesce as the distance to burst is decreased. ‘This latter phenomenon
has also been observed by the British,

The magnitudes of the signals appear to be in generally good agreement with thogse predicted
in Chapter 1. The existence of appraclable flelds in the Hz and Hy orientation is not too sur-
prising in view of the complex nsture of the source.

3.4 ANALYSIS OF DATA

3.4.1 Introduction, Figurez 3.8 through 3,11 show the relattonship of the amplitudes of the
first peaks of the magnetic fields and their time derlvatives to the slant range to the burst point.
It should be noted that a cylindrical coordinate has been used instead of the spherical one dis-
cussed in Chapter 1. Since all measurements were made in the ground plane (6 = 7/2 ar & =0),
there exists cnly an artificial difference between these two systems (because an Hy field in this
plane is entirely in the z direction), In the right-handed cylindrical coordinate system used,
positive fields indicate a radlai (H) field poifiting outward from a vertical line through ths burst
point, a vertical (H,) field pointing upward and an azimuthal (H¢) field pointing counterclock-
wise. Thus a positive Hy is that as would eminate from current flowing upward. The ampli-
fudes have been normalized by dividing the aetual values by the yield raised to some power n
a8 indicated in Tables 3.1 through 3.4.

3.4.2 Scaling Laws. To establish scaling laws for the magnetic fleld with yield Y and dis-
tance R, the [ollowing relation was assumed.,

_K ¥

H {8.1)
I
Taking the logarithm of both sides yiclds
InH = InK + ninY + minR (3.2)
This has the form
= Ay + AgXg + AxX; 3.3

It ig further assumed that R and Y are well determined; therefore, the method of least square
analysis given in Reference 8, is applicable to determine the valucs of the constants, K, n, and
m. This analysis was performed using the data given in Tables 3.1 through 3.4 and yielded the
equations given below.

For the HF channel data:

8.28 x 107y .62

Hy = - pin @3.4)
12+ 0,821

dHy = 4.84 x107Y

dt R212 (3.5)
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dH, 1,18 %108 y0-38

a R 3-46 @8
16 v 0,815
%I;E v MO Y- 3.7
R 3.8
For the LF channel data:
$2,3 y 218 )
Hqt' - W_ (3.8)
[k
l:li:!& .o §x 10y (3.9)
RZ.EII
dHp 491 x10'y0® (3.10)
ao R1 ’

Where: Y = yleld, kt
R = dislance, meters

No sigm. ait ecror 18 hntroduced by rovading off the values of the exponents in Equations
3.4 and 3.5 so that these are revised to read, for HF channel data:

1.8 x 10Ty "F
Hy = - _..L___RZ {3.11)

dH o &ixloltyﬂ.i

it mr (3.12)

These two equations are plidled as solid lines in Figures 3.8 and 3.8. Inspection shows
fairly good agreement between the experimental points and these empirieal curves. This would
Indicate that the first peak of azimuthal field as well as first peak of its time derivative could
well arise from a vertical electric dipole as assumed in the discussion in Chapter 1. The nega-
tive values obtuined (with one exception that remains unexplained) further indicate an initially
downward flowing current. This is in agrecment with the cbservations of all the other experi-
menters.

It is noted that the relatively good scaling law agreement between Hy and dH,/dt as evident
{rom Equations 3.4 and 3.5 does not carry over into their LF components obtained from subse-
quent peaks. The least-square analyses leading to Equations 3.8 and 3.9 result in widely differ-
ent yleld and range dependence, It must be noted that fewer experimental points were avaitable
for these analyses, with considerable scatter. Changing the value of the yield expouent in
Equation 3.9 to agrec with that of Equation 3,12 results tn virtually no change in the range ex-
ponent (2.58 to 2.60). For the sake of uniformity and to afford some basis for comparison the
yicld cxponent in Equation 3.8 was similarly changed to 0.5. The resultant equations, replacing
3.8 and 3.9, which were then used for the dashed curves in Figures 3.8 and 3.9 are, for L'F chan-
nel data:

3.9 % 108y 0.8
Hy = - ——RG-L— (3.13)
d 2.3 x 108 ytE
d*t* - Y (3.14)

The samce rounding off procedurc used for 114, and dH¢/dt was also used for Equations 3.8
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and 3.7, so that these are revised to read, for H¥ chonnel data:

dHy 1.2x 10ty o4

. 3,15

& RS @.19)
5X 164, 0.7

dB, | _ 35x107Y (3.16)

“dt Rs.f

These two equatlons are plotted as solld lines in Figures 3.10 and 3.11. A vertical electric
dipole does not have radial or vertical magnetic fields assoclated with it, nor 13 there an in-
verse cube dependence on the distance on the associated aztmuthal field. A horizontal magnetic
dlpole does, however, have these two components, and the highest power dronoff with distance
is the third power. It may, thercfore, be postulated that the burst has a more complex clectric-
magnetic moment than a simple electric dipole and could possibly tnclude a horizontal magnetic
dipole.

The value of the yield exponent in Eguation 3.10 was changed to 0.4 to agree with the HF
channel equation for dHr/dt, resulting in an expression for LF channel data;

dp _ 1xietytd (3.17)
dt r e
This curve Is plotted as the dashed line in Figure 3.10.

The probable exror in the yield dependence was investigated for Equation 3.8, which postu-
lated a dependence on yield to the first power. The probable error was found to be + 0.4,
which glves some degree of eredence to the rather arbitrary assignment of the yield exponent
selected for Equation 3.14.

In summary, the recommended scaling equations for the first peaks (HF data) are 3.11, 3.12,
and 3.16 and for the subsequent peaks of the delayed, LF signals, 3.13, 3.14, and 3.17. It
must be emphasized that these recommendations {based on one test series involving a rather
restricted range of ylelds, varlety of weapon types, and altliudes) are relatively hazardous
estimatesa.

TADLLE 3.1 SUMMARY OF AMPLITUDES OF FIRST PEAKS, li,p

Shol 1::::;‘ Peak Amplitude b a;_;f::;g}:h;ude
meters  ampere turns/meter vu\m;pgrc turns/meter

Kti/?

HE Chaancels

P riscilla thi8 —183 —30.2

Priscilla 2,200 -20 —3.3

1lovd 498 640 74.4

Hood 566 —-673 —-78.4

Cwons 468 —432 =139

Owens 2,001 —4.9 —1.6

Wilson 2,901 —6.0 —1.9

L¥ Channels

1’risellla 938 =290 —48

Prigeilla 2,200 —145 24

Hootd 566 —2,000 —232

Digble 298 = -b8 =23
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TABLE 3.2 SUMMALY OF AMPLITUDES OF FIRST PEAKS,

d[l‘l‘/{lt
Slant . T Peak Amyblude
. \ak X Poak A
shot Range lrLd Amplitwlc (yluld)’ =
meters ampore turns/meter-see  ampere turns/meter-sec
kti 2
¥ Channels
Prisciila 2,200 — 2.5 % 108 — 4.1 x 100
Hood 498 —8.9x 107 ~ 1.0 % 108
liood 568 - 5.7 x 107 — 8.7 % 10°
Tioad 1,508 9.7 x 108 — 3,1 % 10°
Hood 2,030 ~om1 % 108 ~ 2.4 % 10°
Owons 568 — 8.4 % 107 —2.6x 10
Owens 1,532 - 3.9 % 10% —1.0x10%
Owens 2,001 —5.6% 108 - 1.8 x 169
Wilson 250 ~1.2x108 — 3.7 x 107
wilson 1,532 ~3,3x 10" —1.0 x 16°
Diablo 208 — 2.5 x 10% — 5.9 x 10
Lugsen 250 0.6 x 108 4.4 % 197
LY Channcels
Priscilla 2,200 8.8 % 108 -1.5x 16}
Hood 5606 -1.2x 107 ~ 4.8 % 10%
Wilson 250 —a.8x107 ~1.2x 107
Wilson 68 ~ 1.3 x 107 — 4.8 x 10*
wilson 1,632 S0 x 104 —2.4 % 10!
Diabla 208 1.2 x 10 2.8 x 104
TABLE 3.3 SUMMARY OF FIRST PEAK AMPLITUDES,
i, AND H,
Slant N Pealt Ampiitude
S] t e e
\o Range Peak Amplitude yield?
nmelers ampere turns/meter re turns/meter
kel
HF Channels, 11, n - 0.4
Tood 498 — 213 — 38.0
LY¥ Channels, I, n - 0.4
Hood 448 — 894 -~ 160
LF Channcls, H, no= 0.7
Wilson 1,632 -4 — 8.2
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TABLE 34 SUMMARY OF FIRST PEAK AMPLITUDES,
duLAle ARG dEL /dt

" T T alanm - e P
Shot lani Peak Amplitude Peak }.\mprl‘fiudc
Hange yield

muaters amﬁ‘.rn rns/moter-sec amperp urps/meter-soe
ki

0¥ Chawnels. dH /dt woo 0.4
Prisellia w8 — 2.5 % 10° — 6. x 108
Houd 448 ~2.5 % 107 - 4.5 x 19%
Hood 1,500 — 4,6 x 108 ~3.2x 10
Owens 1,542 - 2.4 x 108 - 9.7 % 10
L¥ Channels, dH /dt 0.4
Prisctlla 939 —- 2.6 % 10° — 6.2 x 10%
Owens 1,552 - 3.1 % 10° —1.3x 107
Wilson 776 - 1.5 % 10t - 5.9 % 10%
HF Channels, dllz/dt n = 0.7
Priscilla 2,200 — 2.8 x 10% —2,3x 10t
Tlowd 887 - 2.5 x 107 —~1.2x 108
Owens 2,901 1.1 x 108 2.3 x 194
Lussen 368 —~ 1.4 % 10F — 3.3 x% 10
LF Chunnels, dH,/dt n = 0.7
Wilkson 1,532 —~1.8 x 104 - 3.5% 10%
.
TABLE 3.5 PARTICIPATION AND O5SCILLOGRAM
REFERENCE, SHOT PRISCILLA
NR, not recorded.
Magnetic Station ¥6.2-9037
Field

Component 01 .02 .B3 -04 .05

H * T dla,b, e d1f,gh 1

dHg /e NR 3.11,j

H, NR NR

di,./dt 3.1d, ¢ NR

H, NR NR

dh,,/dt NR 3.1k

Leilers rofer to osclllograms In Figures 3.1 through 3.7
* Thming signal failure; no record.
1 Recordor fallure; no record.
1 Itecorder sensitivity too low; no dalu.
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TARLE 3.6 PARTICIHPATION AND OSCILLOGHAM
REFERENCE, SHOT HOOD

NI, nol recordad.

Magnetic Station 9-6,2-4006
Field

Component .01 Q08 03 04 05
Hg 3.2z 3.3a,b, ¢ N 4a, bl NI
dHp/dt 3,20, ¢ 3.3d, ¢ .86, Sde,df sag
H,. 3.2d, ¢, f NR Nt L] NR
dn/dt .2g, h NR NI e, f NR
H, NR HR t NiE i
dH, /dt NR NR 3.3h, 1 NR NR

*LF sig:ﬁﬁ;r&lté} thun 107 _l;l’li)i)(!l‘ﬁ turng/meter-sec,
T LY signal greater than 6 X 10® ampere (uras/meter-gee.
1 LY slgnal greater than 156 ampero turas/moetos.
§ LF signal greater than 1.6 x 108 ampers lurns/metor-sce.
¥ LF signal grealer thun 163 ampere turns/metor.
**HF sigoul greacer than 10 ampere turng/metor.

TABLE 3.7 PARTICIPATION AND OSCILLOGRAM
REFERENCE, SHOT OWENS

NH, not recorded.

Magnetic Station 9-6.2-9000
Fleld

Companent C ez 04 05
Hy 3.5u NR 3.5¢
dH g /dt 3.5b 3.5¢ 3.5h
H, NR NR NH
dH, /dt NR 3.5¢, ¢, f NK
H, NR NR NR
di, /dt NR NR a.50

TABLE 3.8 PARTICIPATION AND OSCILLOGRAM
REFERENCE, SHOT WILSON

NR, not recorded.

Magnetic Station $-6.2-9006
Fleid

Component .02 02 03 .04 .05
il¢ NR 3.6e,{ 3.6j
dH‘?,/dl 3.6a,b 3.6c NR t
Hp NIt NR NR NR NR
dly/dt N NR 3.6d NI b
Hy M1 NR NR  3.6g,h NR
dH, /de Nl MR NR 3.61* NR

* ¥ signal greator than 7 X 108 ampere turns/meter-soc,
EHI gignal groater than § x 108 ampere twrns/meter-sec.
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Horlzontal Sensitivity Vertical Sensitivity
Flgure Station Component (per division) (per division)
second . ampoere turns/ ampere turns/
meter-sec meter
3.1a .03 Hy 10 x 1078 73.5

b .03 Hy* 1x 107 200
e .03 Hg* 5 1673 200
d .08 dHp/dt 10 x 107" 1.4 x 108
e .03 dHp/dt 1x 1078 1.9 x 10°
I .04  Hp 10x 107¢ 1
g .04 Hy* 500 1078 160
h .04 Hy* 5x 1072 160
[ .04 dHg/dt 5% 1078 1.1 x 108
i 04 dHg/dt* 1% 1073 6.3 x 10°
k.04 dH, /dt 10 % 1078 1.7 X 148

*Taken from LF channcl.
Figure 3.1 Oscillograms of H and dH/dt versus time, Shot Priseilla.
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Horizontal Sensltivity Vertical Sensitivity
Figure Station Component (per division) (per division}
second ampere turns/ ampere turns/
meter-sec meter
3.2a .01 Hg 100 x 1078 460
b .01 dHg/dt 100 x 10™¢ 4.3 %1497
c .01 dH g /dt 1 %1073 4.3 % 107
d .01 Hy 10 x 107¢ 163
e .01 Hp* 500 x 1078 894
£ .01 Hyp* 5x 1073 894
g .01 dB/dt 10 % 1078 1.4 x 10!
h .01 dHy/dt 50 x 1076 1.4 x 107

*Taken {rom LK channel.

Figure 3.2 Osclllograms of H and dH/dt versus time, Shot Hood.
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Horlzontal Sensitivity Vertical Senslitivity
+ o —.-t'
Figure Statlon Componen (per division) (per division)
second ampere turns/ ampere turns/
meter-sec meter
a3 .02 Hgp 10 x 10-* 518
b .02 Hg* 500 x 10-% 1,130
¢ .02 Hg* 10 x 1073 1,130
d .02 dHg/dt 10 % 107% 2.7 x 107
e .02 dH g, /dt* 500 x 107% 1% 107
£ .03 dH g /dt 10 x 197¢ 1.3 %107
g .03 dHg/dt 1% 1078 1.3 % 107
h .03 dHg/dt 10 % 10~¢ 1.45 % 10"
I .03 dH, /dt 1% 1073 1.45 % 1¢°
*Taken from LF channel.

Figurce 3.3 Oscillograms of H and dH/dt versus time, Stations .02 and .03,
Shot Hood.
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Horlzontal Sensitivity

Vertical Sensitivity

Figure Station Component (per dlvision) (per division)
gecond ampere turns/ ampere turns/
meter-—-sec meter
S.4a .04 Hg tox 1078 a7
b .04 Hy 500 x 1078 a7
c .04 dH/dt 10 % 107¢ 2.9 x 108
d .04 dH, /dt 500 x 1078 2.7 % 108
e .04 dH,./dt 10 % 167° 3.8 x 108
f .04 di,./dt 50 x 107% 3.8 x 108
I .05 dily/dt 10 x 1578 1% 108
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.05, Shot Houd,




a2

Horlzontal Sensitivity Vertical Sensitivity
Figure ?tatlon Component (ver divislon) {per division)
- ) second ampere turns/ ampere turns,
meter-sec meter
3.5a .02 Hyg 5x1¢ ¢ 216
b .02 dH ¢ /dt §x 1078 4x10'
c .04 dH g /dt 5x107° 2.8 x 10°
d .04 dHp/dt 10x107F 2.4 x 10°
e .04 dH,./at 100 x 1077 2.4 x 10°
f .05 dHyp/dL* 500 x 107% 2,2 % 10°
g 05 Hy 10x 107t 2.7
h .05 di /dt 5x10°¢ 4.5 x 10
i .05 dil,/dt 5x10%  naxipf

*Taken from LY channel.

Figurc 4.5 Oscillograms of H and dH/dt versus time, Shot Owens.
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i
. Horizontal Sensitivit; Vertical Sensitivit;
Figure Station Component . 4\\ision) y (per division) Y
sgeend ampere turns/ ampere turns/
meter-sec meter
3.6a .01 dHg /dt 5x107¢ 8.5 x 10
b .01 dH,/dt* 500 x 107 6.3 x 107
c .02 dHg, /dt* 500 x 1078 1x 10
d .03 dH./dt* 500 x 107 8.2 x 10°
e .04 dH z/dt 10x 1078 1.9 %108
f 04 dH g /dt* 500 x 107 1x 10
g .04 H* 500 x 107 64
h .04 H,* 5x10°° 32
i .04 dH,, /dt* 500 x 107¢ 2.6 x 104
i .05 He 10x107¢ 4

*Data from LF channel.

Figure 3.8 Oscillograms of H and dH/dt versus time, Shot Wilson.
b8

SECRET




| — ¢

4
4
{

A
g
L}

{ ——e
e
S .
-
e |
)
¢
e

O A
A RN :
- b i
% imﬁ_
# T
d
. . Horizontal Sensitivity Vertical Sensitivity
Flgure Station Comporent (ver division) (per division)
second ampere turns/ ampere turns/
meter-sec meter
Diablo Station, 2B-6.2-900.1
3.7a Hg* 100 % 107¢ 5.8
b dHg /dt 10 % 1078 2.5 x 198
¢ dH,, /dt* 100 % 1078 1.8 x 10°
Lassen Station, 9-6.2-9006
d .01 dH g /dt 5% 1078 7.4 % 10°
c .02 dH,, /dt 5% 107" 1.2 % 10°

*Data taken from L¥ channel.

¥igure 3.7 Oscillograms of H and dH/dL versus time, Shots Diablo and Lassen.
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Figure 3.8 Normalized amplitudes versus slant range, H¢.
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Chapter 4

CONCLUSIONS AND RECOMMENDA'TIONS

4.1 CONCLUSIONS

The magnetic field component of the clectromagnetic fleld In the close vicinity of 2 nuclear
detenation:

(1) consists of both a field rising to an initlal peak in a few microseconds and decaying to
zero In less than 100 msee as well as a fleld of considerably longer duration that, at very close
distances, appears to coalesee in tlme with the earlier component, rising to a peak in a few
milliseconds and decaying over much lenger periods;

(2) has its major component in a hortzontal plane, ecounterclockwise around the detonation
polnt with maximum peak anpliludes of the order of 10% ampere turns per meter at distances
less than 1,000 meters from the detonation point;

(3) has radial and vertical components whose amplitudes are generally smaller than the
major component;

(4) has rise times such that maximum time derivatlves of the field are of the order of 108
anmpere turng per meter per second.

4.2 RECOMMENDATIONS

For more rellable acaling laws, the experiment needs to be repeated on an expanded scale
to include higher yleld shots, niore complete spatlal coverage, and more recording channels
pex station.
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Cotpandant, U,8. Aray Alr Defense School, ¥i, Bifes,

Tex., ATIN! Command & Staff Dept,

Comraniant, U.5. Army Arwsorsd Sehocel, Fe. Kmoz, Ky,

Commandant , U.8. Army Artillery and Missils Soleol,

Ft, 63111, Okla. ATTN: Combat Devslopment Depsriment
Commandant, U.8, Army Aviatlon 8shool, Ft, Rucker, Als.
Commandant, U.8. Army Infantry School, Fi, Bonning,

Oa. ATIN: C.D.8.

Commanding Cereral, Chemical Corps Training Comd., Ft.
¥eGiellan, Ala.

Comnanding Officar, U.B. Army Henearsn iap,, »t, Enox, By.

Cormuanding Genersl, U.3. Ammy Chemical Corps, Hesearch
and Dovelojment Comd., Washingtor /%, D.C.

Comaanding OfTleer, Chomieal Warfaros 1Ab., Army
Chemital Centor, Md, ATIMN: Tech. Bibrary

Commanding Offlcor, Plnmond Urd, Fure Laba,, Machington
S, B, ATTH: Chivf, Nuclenr Valnorabllity Be. (30)

Comaanding Genornl, Aberdeon Proving Grounds, Md. ATIN:
Direetor, Balllsticn Hoseareh lnboratory

GCrmmanding Gonopnl, U 5. Army Ond. Mlosfloe Cusonsd,
Redatone Rroenal, Aln,

Commander, Army fockot and Guided Missilo Agency, Red-
wstone Arcorml, Ala. AT'IH: Tech Librmy

Commraul Ing fleneral, White Sande Mtoollo ko, it MHex.

ATTN: URDHG-UM-TT,

, A MMatie M 1le Asukey, B
Avnanal, Aln, ATIH: ORDAB-HI
Comand Ingr Gronnral, Drananes Ammiant? fon Comn

Ttk
Command lng Orf1cer, USA Hifgnal R&D Iaboratory, Fi,

Monmouth, ..

Cummanding Genornl, U.S. Ay Blectamlc Praving Groand,
¥t. Hunchucn, Ariz. ATTH: Toch. Llbrnry

Commanding Goporal, USA Combat Survelllance Agency,

1170 N, Highland £t., Aeifbgton, Ya.

Cormunding, GPFieor, USA, Signnl RED laboratory, Ft.
Monmouth, K0, APTR: Tech. Due. Cir., Evann Area

Dlroctor, Oporaticns Rononrch OCrlee, Johno Ropking
Univeroity, (935 Artington Wi, Botheads 15, Md,

€. ATTN: ENCUB
L}

a9, I,

MHAYY ACLUIVITIES

Cnlof of Havei Operations, BN, Waohlngton o4, L.C,
ATIN: OP-OJE
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thief «f Faval Oporationd, BN, Winkington 25, D.C.
ATTH: 0P

Af Navni vpersilons, DN, Washingten o3, D.C.

AT Or-ytTl

Chint o Myl Resenrch, DN, Waghingron 23, b.C.

Code 812

furonu of Ghval West-nms, DA, Weashlpgton 4, DC,

AVEND -

Cries, Bureau of Ordnance, D/N, Washingion 2%, D.G.

Chief, Bureau of Ships, VN, ¥ashington 25, D.C.
ATTN: Cods ho3

Directur, U B. Naval Rusoarch lLaboratory, waghingion
#%, D.C. ATTN: Mre, Entherins . Casa

Cummnn:ier, U,8. Navel Ordnance IaTeratery, White Qak,
Siiver Sprinz 19, Md.

Comsanding Officer and Dirveotor, Navy Elactrunica
Iaboratory, San Dioge 32, Calif.

Commanding Officer, U.8, Nayal Mins Defanss Lab.,
Panmsg City, Fla,

Comman

yding Officer, V.8, Naval Radiological Defense
labaratory, Gan Francisco, Calif, ATTN: Tech.
Infa, Div.

Commanding 0fficer und Director, 1.5. Naval Civil
Engirnering laboratory, Port Husneme, Calif,
APTN* {ode L3l

comzanding Officer, U.8. Reval Seiwois Cownaud, U.8.
Naval Station, Traasurs Iclard, Sen Francisco, Calif,

supsrintandent, ¥.5, Naval Poatgraduate 8chool, montarey,
Calir,

Commanding Offfcer, Air Developsent Bguadron 5, VX-5,
china Lake, Calif,

Coemandent, .8, Marina Corps, waskingten 25, D.C.
ATIN: Code AO3H

Direcior, Marina Corps Landing Force, Davelopment
Centsr, W8, Quantico, Va.

Commanding Offiser, U,8, Navsl CIC Benool, .5, Naval Alr
Station, Qlyne?, Brunswick, Ga.

Chief of Naval Operations, Dapartment of the Nevy, Washing-
ton 29, D.C, ATTN: aP-05KEY

chfef, Burcau vf fnval Yenpova, Havy Dopartnent, Waohing-

, D.C. ATTH: RRI

ton

AR FORCE ACTIVITIES

Afr Foren Tochnfest appifcation Center, HQ, USAF, Wash-
Tapton o, TG

g, USAF, ATTN' Oporations Amnlystu OfClce, Office, Vice
Chiaf of Gtaff, Waehlngton 29, D. C.

Director of Civil Englnsoring, HQ. iSAF, Washington 23, D.C.
ATTH: AFOCE-ES

R, USAF, Weshingtom 2%, D.C. ATING AFCIN-3D1

Dhiwctor of Rosgarch and Devel , IC3/D, B, TaAFf,
Washington 29, D.C. ATYN: Guldence and Weavons Dfv,

Comsnder, Tucticsl Alr Commnnd, langley AFB, Ya. ATIN:
Doc, Security Branch

Commander, Alr Dofense Cotmand, Bnt AFE, Colorada.
MTN: Operattons alysis Seetion, ADOCA

Commander, Hq. Air Repoarch and Development Comaand,
Andrews AFB, Wachington 29, D.C, ATTN: HURWA

Comsnder, Atr Force Balllistlc Missils Div. EQ. ARIC, Alr
Fores Unit Post Offico, FLos Angslea Lb, Calsf. ATTN: WDSUT

Commandor, Becond Alr Force, farksdule AFE, 1n. ATIN:
oporations Annlycis Ofice

Ceamandor, AF Canbridge Reocarch Canter, L. &. rngeom
Piold, Bedlord, Meoo, ATTH: CRRQET-I*

Commander, Air Force Specinl Woapona Contor, Kirtland A¥B,
Albuqueryue, N. Mox. ATIN: Tech. Info. & Intel. Div,
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Gompand b, Schoal of Aviation Y‘-«Ilmne, ASAF Aepoupace Vel I

Fedical Ceater (ATC), "wosia AFS, Tex,
ATTN: 201, G, L. lekhinia
Comsnnder, Wright Alr Dovelopmend Centor, Wright-¥atterson
A¥B, Dayton, Ohlo, ATTH: WCACT (For WCOBIL) 1
Dinulur, VSAF Trojuct RARD, VIA: USAF Liatson GiTice,
The FAND Covrp,, U)o Fnin Bi., inin Pesica, @aiil,
Commander, Alr Dofense tenn Integrat ion pv., L 6.
Hanscomr APR, Do ftordy P I P
Chinf, Ba_llhtic Misvils mru warning Projest Office,
L. G. Hanscom AF3, Redferd, Masw, APRE: Col, leo V,
Skinnor, USAF
Coumander, Rose Alr Development Center, ARNC, Griffiss
AFB, H.Y. ATTN! Documents Libravry, BCaan-1
Commnander, Asr Technlcal Intollligence cenmr, T8AF,
¥right- l‘nttcn\nn AFB, Ohic, ATTN: AFCIX LMls, Library
Hoadquarlers, let Mluntle Biv., USAF, Vandenburyg AV,
Calif, ATTN: Cperntlcna Analyals Offlce

ACTIVITIEG

OTHER DEPARTMENT OF DEFE

Direvtor of Defsnas Rensarch nnd BRgineoring, Wavhing
D.C. ATTH: Tech. Library

Divector, Weapons fSyatezs Braluation Group, Hoor 18080,
Tha Pentagen, Washingtor 05, D.C,

Chief, Defenwe Atomio Bupport Agency, Wamhington 095, D.C.
ATTN: Pocuwept Library

Commander, Field Command, LRSA, Sandia Base, Albuquerque,
N, Mex,

Comnander, Field Coamzand, DASA, Sandia Baze, Albuquerque,
N, Mex. ATIN1 FCTO

Cosmandsr, Field C'.-eu.nd D&8A, Sandia Base, Albuquerque,
N. Mex. Ar:

('ouumdcr-!n—Cbhf Bira’egic Alr Command, Offutt AFB,
Neb, ATTH: OAWH

V.8, Doounsnis Officer, 3flice of the United Biutes
Matlopsl Military Reprasentativs - UBAPE, AFG 5%,
Fev York, N.Y,

ATCMIC TALRJY COMMISSION ACTIVITIES

1,8, Atomies bnergy Commiesiom, Teshnical Library, Waahing-
ton 2%, D.C. ATTH: For IMA

les Alamor Seientific latorateory, Report Library, P.0,
Box 1663, los Alamon, N. Mex, ATTN: Helen Redsan

Sandla Corporation, Clacsifisd Document Divizion, Sandia
Basa, Albuquerqus, N. Mex. ATTN: H. J. Smyth, Jr.

Univeraity of California Lavrance Radlation laboratory,
.0, Box 808. Livermors, Callf. ATTN: Cluvis G. Cralg

Myiafon of Teeanical Infurmation Extannion, Onk Rldgs,
Taun, {Mhntes)

Myinten Hf Tecknleal Intforrmtton Pxtonolon, ik Ridge,
Toun, (Surplme}

ADDLTYORAL DISTRIBUIETOY

ARG, AR Hott
1 WH T

widor, AY Malliof le Mioatle Myv.,
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s, B Mg n ] DL,
Pirect-r, Adenmeed Roseareh Pr soApiniy, ATIML
My, Alvla Van Bvery, LU, Col. Ry Wefdder, be, ©

arel aml Meve Depr, o the At

Ean, DG ATIIE Les Gody R, L Couorty,
Hiar

o newnd Rerenrel, DN, Wesig
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OA, B Wabington 06, LC. AUITL M. K.
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¢ ormalnd, 0L Hevnl Opdeamce Labh,, WRite s, SHlver

Pring 14, MI, AFTMD D, Ho WL Andoreon

mnling OF S ieer nnd Blroctoy, LS. Navy Elecuy nlce

s Snn D!-sp) LA J. he'n";

J8. laval Ra«earrh Lab., Washingten 0%, PG

Irving L. fage

. G, Hansoom &FB, Maos, AT Dr, &, Zreeonn,
W, P, Newman, ¥r. E. Tevip

AFEWC, Xirtinad AFB, N, Mex, Al
L. (‘!1. ¥. Groen

e, J. A, Plerce, 311 Cruft lab. . Mavvard Unfversity,
Cambrides, Muvs,

Birectvr, Liscoln Lab., Mans, Innt. of Tochruvlogy
.0, Box 3, laxingtin 73, Maso. ATLH
hol

Director, Stenford Bag arch Inst,, Monle Farz, Cnlif.
KTIH: D, R. leadsbirand, Dr, A, Petorson

Chiaf, U, Army Sigued Rdio Propagation Agesey,

Ft. Monzouth, i.J. STPN: M, Fred THekson
e, F, D, Banedict, NIl Teleprona Lubo., Murray Hill,

L 0h, e,

i

Angton 0,

$iganl Revemreh wed
<, hoT. ATEN: el M.

1
Pleact .

AT

Cnpl, J, Weisk,

v, 0 Chio-

Hod
WADD, W Patraraon ATR, Ohlo, AT 10, Qi ¥,
Hrynson

Sandsn Corp., Sandia pnse. Albsgquerquo, A, Mex. ATTN:
Br. €. Broylos

Rsstng Atvplane Co., 7% B, Marglual Way, Sentile &,
mml.. AiTH: Dr, B, Hlcke

2+ Areratt Co,, Vlerence awd Tealo Sta., Culver
Callit, AT T. & "0

lmuuuv of MIlitary Apphleation, WG, Atvmic Brerss
Corzatonbon, Washnptan, M. ATTH: Meo B L Soitk
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Defense Special Weapons Agency
6801 Telegraph Road
Alexandria, Virginia 22310-3398

TRC 21 August 1997

MEMORANDUM FCR DEFENSE TECHNICAL INFCRMATION CENTER
ATTENTION: OMI/Mr. William Bush

SURJECT: Declassification of AD-336550 and Withdrawal of
AD-BS51750

The Defense Special Weapons Agency Security Office (OPSSI)
.has reviewed and declassified the following report:

AD~336550 (WT-1436)

Operation PLUMBBOB, Project 6.2, Measurement of the
4 Magnetic Component of the Flectromagnetic Field Near

A Nuclear Detonation, Issuance date: May 8, 1962.

Distribution statement "A" (approved for public release)
now applies.

Since AD-336550 is now declassified and approi?d”féf'publlg
release, this office requests the extracted versiocn (AD—B951750,\\&
WT-1436-EX) be destroyed because it is no longer a plIEEEHIﬁT:——*”

- e
/ . 23ommep

DITH| JARRETT
Chief, | Technical Resource Center

copy furn: FC/DASTIAC
KSC/Alex
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